The European Plant Protection Products Regulation 1107/2009 requires that registrants establish whether pesticide metabolites pose a risk to the environment. Fish acute toxicity assessments may be carried out to this end. Considering the total number of pesticide (re-) registrations, the number of metabolites can be considerable, and therefore this testing could use many vertebrates. EFSA's recent "Guidance on tiered risk assessment for plant protection products for aquatic organisms in edge-of-field surface waters" outlines opportunities to apply non-testing methods, such as Quantitative Structure Activity Relationship (QSAR) models. However, a scientific evidence base is necessary to support the use of QSARs in predicting acute fish toxicity of pesticide metabolites. Widespread application and subsequent regulatory acceptance of such an approach would reduce the numbers of animals used.
a b s t r a c t
The European Plant Protection Products Regulation 1107/2009 requires that registrants establish whether pesticide metabolites pose a risk to the environment. Fish acute toxicity assessments may be carried out to this end. Considering the total number of pesticide (re-) registrations, the number of metabolites can be considerable, and therefore this testing could use many vertebrates. EFSA's recent "Guidance on tiered risk assessment for plant protection products for aquatic organisms in edge-of-field surface waters" outlines opportunities to apply non-testing methods, such as Quantitative Structure Activity Relationship (QSAR) models. However, a scientific evidence base is necessary to support the use of QSARs in predicting acute fish toxicity of pesticide metabolites. Widespread application and subsequent regulatory acceptance of such an approach would reduce the numbers of animals used.
The work presented here intends to provide this evidence base, by means of retrospective data analysis. Experimental fish LC 50 values for 150 metabolites were extracted from the Pesticide Properties Database (http://sitem.herts.ac.uk/aeru/ppdb/en/atoz.htm). QSAR calculations were performed to predict fish acute toxicity values for these metabolites using the US EPA's ECOSAR software. The most conservative predicted LC 50 values generated by ECOSAR were compared with experimental LC 50 values.
There was a significant correlation between predicted and experimental fish LC 50 values (Spearman r s ¼ 0.6304, p < 0.0001). For 62% of metabolites assessed, the QSAR predicted values are equal to or lower than their respective experimental values. Refined analysis, taking into account data quality and experimental variation considerations increases the proportion of sufficiently predictive estimates to 91%. For eight of the nine outliers, there are plausible explanation(s) for the disparity between measured and predicted LC 50 values.
Following detailed consideration of the robustness of this non-testing approach, it can be concluded there is a strong data driven rationale for the applicability of QSAR models in the metabolite assessment scheme recommended by EFSA. As such there is value in further refining this approach, to improve the method and enable its future incorporation into regulatory guidance and practice.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Under the European plant protection products regulation (EC, 2009) there is a requirement for registrants to assess the risk of pesticide metabolites to animals and the environment. For the aquatic environment, this is triggered when a metabolite is detected in environmental fate studies (e.g. water-sediment system). The specific triggers are: >10% at any time during the study, >5% in at least two sequential measurements in the study, or >5% at the end of the study, while the maximum formation of the metabolite was not reached (percentages expressed in terms of the applied amount of parent (EC, 2013) ). If so, the toxicity of the metabolite is required to be assessed typically in algae, and acute daphnid and fish toxicity tests. The exception to this is where one or more of these taxonomic groups is significantly more sensitive to the parent molecule, i.e. the endpoint is a factor of 10 lower than for the other groups (EFSA, 2013) , where testing of only the most sensitive species is required. Thus, acute toxicity to fish, assessed using the OECD test guideline 203 (OECD, 1992) or equivalent, may be required for a considerable number of metabolites, and this testing is an area where many vertebrates could potentially be used. However, the regulation (EC, 2009) also requires minimisation of tests on vertebrates by making greater use of non-animal test methods and risk assessment strategies.
The recent EFSA guidance on tiered risk assessment for edge-offield surface waters (EFSA, 2013) outlines opportunities for nontesting methods to address data requirements, specifically those related to pesticide metabolites and impurities. Particular utility is highlighted in applying alternative methods to confirm that metabolites are less toxic than their parent substance e.g. where there is loss of the toxophore (the structural molecular feature or moiety giving the toxic property). Quantitative Structure Activity Relationship (QSAR) models are well-established non-testing methods, which predict toxicity endpoints (e.g. LC 50 values) using a chemical's molecular structure and physico-chemical properties and are based on experimental toxicity data for related chemicals (i.e. the training set). QSARs have started to be used in a regulatory context (e.g. to meet the requirements of the European general chemical regulation REACh (ECHA, 2014)). However, before registrants and regulators have confidence in an alternative approach, scientific evidence should be established, confirming the reliability and adequacy (i.e. whether the approach is "fit for purpose"), as well as the applicability domains and constraints of the approach. This evidence needs to be established for the potential assessment of pesticide metabolites using QSARs, an approach recognised in the EFSA guidance (EFSA, 2013) .
This work examines the potential for QSARs to be used in the prediction of 96-h acute fish toxicity of which utilises existing experimental data. This activity aims to support the acceptance of non-testing approaches for the evaluation of pesticide metabolites by providing a generic 'reasonability check' (EFSA, 2013) for the applicability of QSAR predictions for plant protection active substance metabolites. Demonstration of the applicability of these types of predictions could enable their widespread use and a significant reduction of vertebrate animal (i.e. fish) use for this type of toxicity testing.
Materials and methods

Selection of QSAR software
There are various QSAR models freely and commercially available that can be used to predict fish acute toxicity. For the purposes of this exercise, the Ecological Structure Activity Relationships (ECOSAR) Class Program (v1.11, June 2012) was selected. This software was developed by the US Environmental Protection Agency (EPA) and provides public access to the same methods routinely used by the EPA for evaluating aquatic toxicity, i.e. the method is already being used in a regulatory context. Furthermore, the programme is cited as a potential non-testing method by EFSA (EFSA, 2013) and is included in the OECD QSAR toolbox (http://www. oecd.org/chemicalsafety/risk-assessment/theoecdqsartoolbox. htm). ECOSAR also contains models relevant to a broad range of chemistries; v1.11 is programmed to identify 111 organic chemical classes in three main groups, including several plant protection product classes (e.g. carbamates, imidazoles, neonicotinoids, pyrethroids, sulfonylureas, triazines) within the "organic chemicals with excess toxicity" group. ECOSAR's validity has been demonstrated according to the five internationally agreed principles described by OECD (OECD, 2014) . Other factors, which are likely to encourage its widespread use, include the ability to download the software from the EPA's website at no charge, and its ease of use.
Extraction of experimental data
Experimental data was obtained from the Pesticides Properties DataBase (PPDB; http://sitem.herts.ac.uk/aeru/ppdb/en/) (Lewis et al., 2016) . Physico-chemical and ecotoxicological data were extracted for 675 pesticide metabolites. These data were then filtered to restrict the dataset to metabolites with experimentally derived fish acute toxicity (LC 50 ) data, of which there were 350. Of the 350 metabolites, three inorganic compounds (phosphonic acid, phosphine, and phosphoric acid) and one compound containing a metal atom (cyhexatin) were excluded from further analysis, as ECOSAR has been developed for organic chemicals only and thus is not appropriate for calculating an LC 50 for these molecules. Two further metabolites were also excluded as non-standard experimental endpoints were reported in the database (a 24 h LC 50 value and a formulated product endpoint). Upon removal of these six metabolites, 344 metabolites remained. Of these remaining 344 metabolites, 185 had chemical identifiers available in the database that are compatible with ECOSAR (CAS numbers identified by ECOSAR, or SMILES codes that could be verified using ChemSpider; http://www.chemspider.com/); those with non-compatible chemical identifiers were excluded from further analysis. The 185 data points which remained were considered a suitable number of substances available for analysis.
QSAR prediction of 96-h LC 50 values
Predictions were performed for all 185 metabolites by inputting information on molecular structure into ECOSAR e either by entering the CAS number, or the SMILES code where a CAS number was not available or was not recognised by ECOSAR. ECOSAR provides the option to enter experimentally derived physico-chemical data (i.e. log K ow , water solubility). As these data were not available in the PPDB for every metabolite assessed, these data were not entered to ensure consistency within the analysis. Therefore, ECOSAR used a log K ow value predicted using the EPA's WSKowwin module (included within ECOSAR) in its calculations.
The dataset of actual and predicted values includes metabolites from a broad range of chemical classes, differing greatly in their physico-chemical characteristics and (parental) modes of action. ECOSAR generated an LC 50 value for each possible class that a metabolite could be assigned to (based on molecular structure). In addition, ECOSAR always generates a baseline toxicity (narcosis) value for every chemical, classed as "neutral organic".
Refinement of experimental data
After carrying out the QSAR predictions, 35 metabolites were excluded from further analysis for the following reasons: a) Log K ow values (experimentally derived from the PPDB (n ¼ 1), or the value given by ECOSAR if no information was available in the PPDB (n ¼ 2)) exceeded the log K ow indicated by ECOSAR to be the upper limit for reliable prediction for the relevant chemical class; or b) Experimentally derived and/or QSAR-predicted LC 50 values exceeded the metabolite's limit of water solubility (experimentally derived from the PPDB (n ¼ 20), or the value given by ECOSAR if no information was available in the PPDB (n ¼ 12)).
Due to the potential for variability in experimental log K ow and water solubility values, metabolites were not excluded if these values were up to 25% higher than the log K ow cut-off or if the LC 50 exceeded the water solubility by a maximum of 25%. This provided a final dataset of 150 metabolites.
Data analysis
The QSAR-predicted (i.e. ECOSAR generated) and experimentally derived fish LC 50 values were entered into a spreadsheet for comparison. This database is available as Supplemental Information (Supplemental Table 1 ). As an overestimation of toxicity is preferable from a regulatory perspective, the lowest (i.e. most conservative) QSAR-predicted LC 50 value for each metabolite was selected for comparison to the respective experimentally derived LC 50 as recommended by EFSA (EFSA, 2013) . This dataset represented predictions from 42 different chemical classes (see Supplemental  Table 1 ).
Sixty one metabolites had unbounded experimentally derived LC 50 values (i.e. LC 50 reported in the database as >x mg/L). This can be the case, for example, if the metabolite was tested in a limit test (a single concentration, e.g. 100 mg/L) or if the experimentally derived LC 50 was not achieved at the limit of water (test medium) solubility. ECOSAR predictions that were higher than unbounded experimentally derived values were corrected to the undefined experimentally derived value. For example, if the experimentally derived LC 50 was >100 mg/L and ECOSAR predicted an LC 50 of 150 mg/L, then the ECOSAR prediction was corrected to >100 mg/L. This ensured that the prediction was more accurately reflective of regulatory approaches and in better alignment with experimental findings.
Experimental and predicted 96-h fish LC 50 data were compared graphically. The strength of the correlations was determined by Spearman's correlation coefficient (thus making no assumptions on the distribution of the values), performed by GraphPad Prism version 5.04 for Windows, GraphPad Software, San Diego California USA, www.graphpad.com.
Each experimentally derived LC 50 value from the PPDB also had an associated 'quality score' ranging from 1 to 5, assigned based on the database curators' confidence in the data. The inclusion of a 'quality score' for each experimentally derived LC 50 value offers the opportunity to filter the data based on its quality. The scores are classified as: 1 ¼ Estimated data with little or no verification; 2 ¼ Unverified data of unknown source; 3 ¼ Unverified data of known source; 4 ¼ Verified data; and 5 ¼ Verified data used for regulatory purposes. Separate analyses were performed on all data, scores 4 and 5 combined and score 5 only.
Also, some level of experimental variation was also taken into account in order to derive what might constitute an acceptable difference between experimental and predicted values. Values of five and 10 were chosen to consider the magnitude of the observed variation. Predicted values which were greater than five times the experimental value, for data assigned the highest 'quality score' of five, were investigated further as potential outliers. To this end, the relevant European regulatory documents (Draft Assessment Reports and/or peer review conclusion documents) from parent molecules (as defined by PPDB) were obtained. This allowed the experimentally derived metabolite values included in the PPDB to be confirmed, and other relevant data to be identified. Additional experimentally derived 96-h fish LC 50 values were also obtained from the US EPA ECOTOXicology knowledgebase (http://cfpub.epa. gov/ecotox/), where available. Duplicate values were removed from the additional data, where data on the same species with identical toxicity values existed from two different sources (i.e. EU regulatory documents and EPA ECOTOX database).
Results
All data
Overall, 62% (93/150) of the QSAR-predicted LC 50 values were lower than or equal to the experimentally derived values and thus conservative estimates (Fig. 1) . The correlation between experimentally derived and QSAR-predicted LC 50 values was highly significant (Spearman r s ¼ 0.6304, p < 0.0001).
Assessment of higher quality studies
When only the metabolites where the experimentally derived LC 50 value has been assigned a quality score of 4 or 5 are considered (n ¼ 138), the QSAR provided values that were conservative in 65% (90/138) of cases (Spearman r s ¼ 0.6144, p < 0.0001; figure not shown).
When only the metabolites where the experimentally derived LC 50 value has been assigned a quality score of 5 (i.e. regulatory quality data) are considered, the QSAR provided conservative predictions in 71% (74/104) of cases (Spearman r s ¼ 0.6219, p < 0.0001; Fig. 2 ). This demonstrates that use of only the highest quality data does not affect the overall correlation, but gives additional confidence in the underlying data used in this analysis, and subsequent QSAR predictions.
Consideration of variability in experimental data
Applying a tolerance factor of five to take into account experimental variability increases the proportion of suitably protective predictions to 91% (95/104) for metabolites with experimentally derived values with a quality score of five (Fig. 2) . Applying a tolerance factor of 10 increases the proportion of protective predictions to 96% (100/104).
Outlier analysis
Nine metabolites had an experimentally derived value more than five times lower than that predicted by ECOSAR. These were examined in more detail to determine why they deviate from the overall relationship and if outliers could be identified. Table 1 indicates the outliers and summarises other relevant data identified for each of these metabolites. From this compilation, a number of explanations for the differences in toxicity can be derived: Four of the substances (3-chloroacrylic acid, N-(4,6dimethoxypyrimidin-2-yl) urea, N,N-dimethyl-N 0 -p-tolysulphamide, and 1,2,4-triazole) have predicted toxicity above the recognised limit concentration of 100 mg/L. If these predictions are normalised to 100 mg/L (the upper limit for toxicity testing), the QSAR predictions for all of these metabolites would be within five-fold of the experimentally derived value which would be derived if the experiment were performed to current guidance. Four of the substances (dichlorvos, carbofuran, 3,4dichloroaniline and thiram) have additional data from the literature search that indicates the range of species responses is in better alignment with the ECOSAR prediction than the single data point from the PPBD (i.e. ratio falls below five). One of the substances (3-chloroacrylic acid, see 1,3dichloropropene, DAR, 2004) had toxicity dependent on the pH decrease during the test and not from toxicity of the metabolite, due to the acidic nature of the metabolite.
Therefore, for all the outliers except diclofop-phenol there is a plausible explanation for why the ECOSAR prediction is not a reliable estimate (i.e. > five times) of the experimental data.
Discussion
The analysis presented here supports the EFSA guidance (EFSA, 2013) for the use of QSARs to reliably predict the fish acute toxicity of pesticide metabolites. Thus, this method offers a non-animal testing pathway to generate data for environmental assessment of metabolites of concern (i.e. those identified as potentially relevant in environmental fate studies).
This retrospective data analysis indicates that there is a highly significant correlation of QSAR-predicted versus experimentally derived fish acute toxicity values. The analysis was further refined, by considering the data quality scores as determined by the curators of the source database (PPDB). Thus, there is increased confidence that a strong underlying relationship exists (all data) that is predictive (best quality data). This is relevant considering the diverse chemistries and (parental) modes-of-action included in the comparison. Further, all available pesticide metabolites were included in the comparison irrespective of whether the toxophore remained in the structure (e.g. some metabolites are active substances in their own right). Therefore, this strong correlation appears to hold with and without likely specific modes-of-action. In any case, the pesticidal mode-of-action is not targeted to fish, but rather focused on controlling pests such as insects, weeds and fungi, and thus the presence of a toxophore is not necessarily relevant to fish.
Consideration of experimental variability
In terms of regulatory applications, the employed QSAR models provide a conservative estimate of toxicity in the majority of cases. ECOSAR predicts the fish acute LC 50 to be the same or lower than the experimentally derived LC 50 value in the database in 62e71% of cases. However, a pragmatic interpretation approach by considering the variability around the experimentally derived values was also applied. High variability (several orders of magnitude) has been documented amongst fish acute toxicity values taken from a variety of sources, species, life-stages and environmental conditions (Hrovat et al., 2009 ). However, for the proposed regulatory application, only studies conducted to internationally validated test guidelines and typically with a single fish species (i.e. rainbow trout; Oncorhynchus mykiss) are considered. However, intra and inter-laboratory comparative data have not been generated and are thus not available for fish acute regulatory toxicity studies (e.g. OECD TG 203). However, in the US some intra and inter-laboratory validation data is available (EPA, 2002) . These indicate intralaboratory variation ranges between 20 and 120% (fathead minnow, Pimephales promelas; 96-h LC 50 ; 3 substances) and interlaboratory between 33 and 88% (fathead minnow, rainbow trout and sheepshead minnow (Cyprinodon variegatus); 96-h LC 50 ; 2 substances) expressed as coefficients of variation. The recent validation of the Fish Embryo Acute Toxicity Test (FET, OECD TG 236; OECD, 2013) designed as a potential replacement for the fish acute toxicity test (OECD TG 203) also offers an indication of likely variability. In phase two of the FET validation 13 substances were tested with at least 3 runs in each laboratory, and repeated in three to five laboratories (OECD 179 and Busquet et al., 2014) . Intra-laboratory variation ranged from 1.26 to 4.24 fold for 96-h LC 50 values (see Table 16 ; Annex to OECD 179; OECD, 2012). Inter-laboratory variation ranged from 1.10 to 3.14 (calculated from data presented in OECD, 2012). The FET guideline and validation was conducted with a single species and includes individually held embryos with relatively high levels of replication (20 replicates per concentration). In contrast, the standard 96-h acute fish test data set examined here, generally, has no replication and data come from multiple species. Therefore, one may expect inter-and intra-laboratory variability, in conjunction with inter-species variability, to be significantly higher for the 96-h acute data set examined here than that demonstrated in the FET validation. Considering this, the fish acute coefficients of variation, and the fold differences observed in the validation studies of the FET, a factor of five is considered a reasonable measure to encompass both intra and inter-laboratory variation around the experimental toxicity estimates for the fish acute toxicity endpoints. Considering this measurement of likely experimental variability, the model provides an equivalent or sufficiently conservative estimate in 91% of cases examined. As the environmental risk assessment in the EU requires an assessment factor of 100 to be applied to 96-h fish LC 50 endpoints, which in part is to account for intra-and inter-laboratory variability (EFSA, 2005) , it is reasonable to assume that an assessment based on QSAR-predicted data will be protective.
A detailed examination of the remaining outliers, i.e. where the QSAR underestimated toxicity by a factor of five or more, demonstrated that all differences except for one substance can be satisfactorily explained. By considering correction of predictions to a maximum limit test concentration (i.e. 100 mg/L) and consideration of additional experimental data, the QSAR predictions fall below the factor of five in eight cases. Another case can also be excluded as the observed experimental toxicity was caused by acidity rather than by the molecule itself (3-chloroacrylic acid). Additionally, three of the substances are pesticidal active substances themselves, which would not likely be candidates for QSAR toxicity estimation due to the requirement for experimental data as part of the active substance submissions. Therefore, the only unexplained outlier is diclofop-phenol, for which no additional data were available. These analyses further support the robustness of the QSAR in experimental data prediction.
Application of approach within EFSA's recommended scheme
EFSA (EFSA, 2013) provides detailed guidance and a scheme for the assessment of metabolites, including the use of QSAR predictions. This scheme clearly separates the assessment of metabolites that do and do not contain the likely toxophore. This is based on the work of Sinclair and Boxall (2003) which demonstrated in daphnids, at least, that metabolites containing the toxophore can be as toxic as the parent compound (and in a limited number of cases even more so). There is a concern that QSARs may not be able to adequately assess the toxicity of specifically acting substances, for example when the toxophore remains present. This is not supported by the analysis presented here for fish acute toxicity, since metabolites were included irrespective of whether they contained the toxophore. Despite the recommendations in the guidance around appropriate applications for QSARs, there is, however, still scope for their utilisation to minimise the use of vertebrate animals for metabolite testing.
Within the EFSA proposed scheme, the first step allows for the risk assessment to be performed using the parent toxicity value (i.e. assume the metabolite is as toxic as parent) with the predicted environmental concentration for the metabolite. If this assessment is passed, the metabolite is assumed to be of low risk. If this assessment fails, the presence of the toxophore is considered. If the toxophore has been lost, a QSAR may then be applied to estimate the toxicity. The analysis presented here represents a robust validation exercise to support the use of the ECOSAR QSAR models to predict fish acute toxicity endpoints for metabolites. According to the EFSA guidance if the toxophore is retained, a metabolite study on the most sensitive tier 1 taxa (species) is required. Therefore, at least for some pesticide types (e.g. herbicides and insecticides), a fish acute study would not likely be required, as algae, macrophytes or daphnids will likely be the more sensitive species. Additional steps (such as testing with fish) are then possible, depending on the relative toxicity of the metabolite to parent.
This analysis supports the EFSA guidance approach and provides confidence that the ECOSAR QSAR model is an appropriate tool to use in the assessment of pesticide metabolites under EU guidance. To increase the future robustness and confidence of the QSAR predictions it is considered beneficial to increase the training data set for QSARs to include this data set and/or additional pesticide metabolites.
Conclusions
This analysis provides a data driven rationale supporting the use of ECOSAR QSARs for the assessment of acute fish toxicity of metabolites derived from plant protection product active substances. As such, it complements the existing EU regulatory guidance (EFSA, 2013) . As many of the metabolites are also transformation products it also supports the possible use of ECO-SAR for estimating the toxicity of impurities in technical grade material for test batch equivalency assessments (EC, 2012) . The analysis presented here demonstrates that QSARs are capable of good predictions of pesticide metabolite experimental data, allowing for a limited (up to five-fold) variation in experimentally derived values. Wider application of QSARs to predict fish acute toxicity has the potential to reduce the numbers of fish used in acute toxicity tests (where high suffering can be induced) performed for the assessment of metabolites (also see Hulzebos and Posthumus, 2003) , and is in line with the animal welfare objectives of European Plant Protection Products Regulation 1107/2009.
